Anaerobic glycolysis produces lactate, ATP, and water but there is no net change in the number of hydrogen ions: it does not produce lactic acid. The acidosis usually associated with hyperlactataemia is caused by hydrolysis of the ATP, with release of hydrogen ions. By contrast, ATP turnover by aerobic mechanisms is not acidifying because the released hydrogen ion is reutilised as more ATP is formed. Gluconeogenesis from lactate does not utilise hydrogen ions directly-in fact, it produces them. The associated net H+ utilisation is caused by the aerobic generation of the ATP and GTP required to drive glycolysis in reverse. It is suggested that only by understanding these important biochemical facts can the clinician found his diagnosis and treatment on a firm, rational basis.
SUMMARY Anaerobic glycolysis produces lactate, ATP, and water but there is no net change in the number of hydrogen ions: it does not produce lactic acid. The acidosis usually associated with hyperlactataemia is caused by hydrolysis of the ATP, with release of hydrogen ions. By contrast, ATP turnover by aerobic mechanisms is not acidifying because the released hydrogen ion is reutilised as more ATP is formed. Gluconeogenesis from lactate does not utilise hydrogen ions directly-in fact, it produces them. The associated net H+ utilisation is caused by the aerobic generation of the ATP and GTP required to drive glycolysis in reverse. It is suggested that only by understanding these important biochemical facts can the clinician found his diagnosis and treatment on a firm, rational basis.
There have been some good reviews of lactic acidosis (Krebs et al., 1975; Cohen and Woods, 1976; Harken, 1976; Alberti and Nattrass, 1977) . I have had difficulty in understanding some aspects I of the subject and I find that I am not alone in this.
It may be helpful to others in a similar position to give some of the conclusions of these reviews again, but in a different way.
The problem
As most authors point out, lactate and lactic acid are not the same thing, and at body pH simple lactate compounds are almost completely ionised. The habit of using the terms interchangeably, which can mislead the unwary, arises because in many traditional books on biochemistry the intermediate products of metabolism are described as 'acids' (-COOH, for example, pyruvic and lactic acids). If the pK of a compound is much below that of cells and extracellular fluid (as the pK of each of these acids is) the compound will exist mostly in the ionised form (-COO-, for example, pyruvate and lactate). The consequence of this pK is that lactic acid is a 'strong' acid in the body, and that if both lactate and hydrogen ions are added to the system the pH will drop. It does not mean that if lactate without hydrogen ions is added the pH will fall-it will hardly change. Stated in this way it may seem obvious, but it is important to examine any reaction, or chain of reactions, to see whether hydrogen ions are among the products. We will inspect the common statements that anaerobic glycolysis yields 2 moles of lactic acid per mole of glucose, and the converse, that gluconeogenesis utilises 2 moles of lactic acid. 40
NET HYDROGEN ION BALANCE IN ANAEROBIC GLYCOLYSIS
Carboxyl groups and many of the phosphate groups are nearly completely ionised at body pH. The overall equation for anaerboic glycolysis, assuming complete ionisation, is
The charges and constituent elements balance on the two sides of this equation. The addition of 2H+ (for two lactate) to the right-hand side of this equation would result in imbalance of the charges and the total number of hydrogens.
Thus the only products of anaerobic glycolysis by itself are lactate, ATp4-, and water. (It is, of course, the production of ATp4-by this pathway that is particularly important in anaerobiasis.) There is no net change in the number of hydrogen ions, and lactic acid is not produced.
The clue, as Krebs et al. (1975) , point out lies in the fact that ATp4-is continually being hydrolysed in the body, and that such hydrolysis does release hydrogen ion.
If we assume glucose to be freely available, we can write the overall pathway of continuing anaerobic glycolysis as a cycle (see equations 3 and 4).
The ADps-and Pi 2released by hydrolysis of ATp4-are re-utilised as further anaerobic glycolysis continues: the H+ is not. Thus, if we include the hydrolysis of ATp4-in the term 'anaerobic glycolysis', we see that the statement that a mole of glucose yields 2 moles of lactic acid is true. This is the course of events in stored red cells. Erythrocytes lack aerobic pathways, and, in the presence of glucose, glycolysis continues with accumulation of lactate and a fall of pH. Lactate and hydrogen ion production are equimolar.
In vivo, of course, lactate diffuses out of erythrocytes, and most of it is either oxidised, or it is utilised, mainly by the liver, for gluconeogenesis. In cells with aerobic pathways there is no problem of disposal when oxygen is available. As we shall see, the acidosis of anaerobiosis in cells other than erythrocytes is a more complex phenomenon.
Continuing anaerobic production of lactate from glycogen (with hydrolysis of ATP), like that from glucose,can be shown to produce equimolar amounts of lactate and hydrogen ions.
NET HYDROGEN ION BALANCE OF AEROBIC METABOLISM
Another apparent problem now arises. Under aerobic conditions, although ATp4-(and other 'high energy' phosphate compounds) are continually hydrolysed and resynthesised, net hydrogen ion production is so small that homeostatic mechanisms can maintain pH within a very narrow range. This is despite the fact that 36 moles of 'high energy' phosphate compounds (ATp4-and GTp4-) are produced per mole of glucose by aerobic metabolism, Equation 3 41 mainly during the oxidation of reduced substrates, NADH + H+ and FADH2, by the electron transfer pathways (oxidative phosphorylation), a process depending on atmospheric oxygen: this compares with the yield of only 2ATp4-per mole of glucose by anaerobic glycolysis. Krebs et al. (1975) have stressed the very large daily turnover of hydrogen ion (about 150 g or 150000 rnrnol) by this route, with virtually no change in body pH.
To see why this continual aerobic turnover of ATp4-is not acidifying, as it is during anaerobic glycolysis, we should examine the net equation for complete aerobic metabolism of glucose to C02 and H20, again including the hydrolysis of ATp4-and recycling of ADps-and Pi 2-. (We will not distinguish here between ATp4-and GTp4-.) (See equations 5 and 6).
There is an important difference between Equation 5 and Equation 3. Because 36H+ appears on the left-hand side of Equation 5, the hydrogen ions produced by the hydrolysis of the same number of ATp4-are included in the recycling of ADps-and Pi 2to form further ATp4-. This is not so during anaerobic glycolysis. Thus, so long as oxygen as well as glucose is available there is no net change in H+. We now see that the H+ produced by hydrolysis of ' ATp4-yielded by anaerobic glycolysis is only' significant because it is not used in resynthesis.
GLUCONEOGENESIS FROM LACTATE AND HYDROGEN ION BALANCE
Gluconeogenesis occurs in liver and renal cortex only. Much of the substrate is lactate. produced by other organs. The liver, because of its size, is quantitatively more important than the kidney, and is normally a lactate-consuming rather than a lactate-producing organ.
or, Equation 4
----=~~2CH sCHOHCOO-+ 2H+
or, Equation 6
Many authors, when discussing gluconeogenesis in the context of lactic acidosis, imply that it is a reversal of equation 4, albeit by different steps.
Equation 7
2CH3CHOHCOO-+ 2H+ ->-COH1206 This is a gross oversimplification which, although perfectly valid when considered in terms of the overall balance of the body, does require some clarification. Gluconeogenesis, although not directly involving oxygen consumption, cannot take place anaerobically and we should consider why this is so.
The net reaction for gluconeogenesis from lactate is Equation 8 Not only is H+ apparently not utilised as lactate is removed-it seems that it is actually produced. This suggests that the statement that gluconeogenesis consumes the lactic acid generated by anaerobic glycolysis is wrong.
Let us subtract Equation 1 (written in reverse) from Equation 8. (see below)
It is now apparent that the 4 'extra' H+ in Equation 8 come from the hydrolysis of the 4 'extra' high energy phosphate compounds which are required to drive the energetically unfavourable reactions in reverse.
We have seen that high energy phosphate production by aerobic pathways consumes H+. Only glycolysis can continue anaerobically, and therefore, when gluconeogenesis is predominant the 'extra' compounds can come only from aerobic pathways.
If we now add this aerobic cycling to Equation 8 we get Equation 9.
This leaves us with Equation 10 the reverse of Equation 3 (see Equations 10 and 7).
Just as ATp4-production by anaerobic glycolysis does not utilise H+, we can see, from the absence of H + on the right-hand side of Equation 10, that the reverse does not produce it. For the reaction to continue, more ATp4-must be produced by aerobic pathways, as in Equation 9, and this aerobic ATp4production consumes H+.
Thus, if we include aerobic regeneration of high energy phosphate compounds in the definition of 'gluconeogenesis', Equation 7 is correct and it is clear why gluconeogenesis cannot continue anaerobically.
EFFECTS OF ACIDOSIS AND ALKALOSIS ON LACTATE METABOLISM
A rise in body pH can cause hyperlactataemia (Tobin, 1964) , possibly because of a stimulatory effect on glycolysis (Gevers and Dowdle, 1963) . It is therefore possible to have an increase in lactate concentration without acidosis, and even with alkalosis.
Equation 8 2CH3CHOHCOO
Equation 9 2A Dp3-2G Dp3 4Pi 2 4H' <.
=:-:--:---,.
Equation 10 2CH3CHOHCOO + 2ATp4-+ 2H20 -------;>~2ADp3 + 2Pi 2 -+ COHI20
EFFECT OF ANAEROBIASIS ON H+ BALANCE IN THE TRICARBOXYLIC ACID CYCLE
Because the TCA cycle cannot proceed without oxygen, under anaerobic conditions ADp3-, Pi s-, and H+ cannot be recycled to replace hydrolysed ATp4-. If the oxygen supply ceases there will therefore be a release of'H", The ADp3-is not re-utilised as it is in anaerobic glycolysis, and is a weak buffer, but the net effect will still be acidifying. This is a 'once and for all' effect, since further ATp4-production by the cycle is stopped.
Clinical implications
This theoretical discussion is published in the belief that the doctor needs to understand the background of clinical syndromes as thoroughly as possible in order to investigate intelligently, to interpret results of investigation accurately, and to minimise therapeutic errors. There may also be those who wish to understand for their own satisfaction, and who have been unable to find the source of the acidosis in hyperlactataemia in other reviews. Some immediately obvious practical points emerge. Excessive lactate production can occur with .or without normally functioning aerobic mechanisms. Cohen and Woods (1976) have classified lactic •acidosis on clinical grounds into Type A in which .there is an obvious cause for tissue hypoxia (and therefore for anaerobic metabolism), and Type B in iwhich clinical evidence for this is absent. From the theoretical background it might be expected that !hydrogen and lactate ion production would be lequimolar in most cases of lactic acidosis Type B (those caused by increased glycolysis or decreased gluconeogenesis), whereas in Type A additional 'hydrolysis of the relatively large amount of ATp4preformed by oxidative phosphorylation would initially release more H+ than lactate. The lactic acidosis of, for example, salicylate poisoning, which may be due to the drug's 'uncoupling' effect on oxidative phosphorylation (Eichenholz et al., 1963; Miyahara and Karler, 1965) would fall into clinical Type B, but hydrogen ion production would be similar to that of Type A. Phenformin and other biguanides probably inhibit both aerobic pathways and gluconeogenesis (Ungar et al., 1960; Altschuld and Kruger, 1968 ) but the effect on gluconeogenesis is the more important (Alberti and Nattrass, 1977) . The degree of clinical acidosis will be further modified by renal and pulmonary homeostatic mechanisms; these are more likely to be impaired in the very ill patients with Type A lactic acidosis, in which ketoacidosis might also be superimposed, contributing to the acidosis but not to the hyperlactataemia.
The level of lactate is obviously not directly related to the degree of acidosis. As hyperlactataemia per se is almost certainly harmless, and since treatment is directed to the underlying cause and to the acidosis (Woods, 1971; Cohen and Woods, 1976) , lactate estimation seems indicated only in the occasional diagnostic problem.
It should be pointed out that, although infusion of sodium lactate into patients with lactic acidosis, and with inability to metabolise lactate, is not the best treatment of the hydrogen ion disturbance, it will do no harm, and may even do a little good by acting as a weak buffer. The interchangeable use of the terms 'lactate' and 'actic acidosis' has caused some confusion about this elementary point.
My thanks are due to Dr M. C. Scrutton and Mr D. M. McLauchlan for useful comments on the biochemistry.
